A typical problem in laser beam welding with filler wire is an insufficiently diluted melt pool leading to a nonuniform element distribution in the seam. Using low-frequency magnetic fields, the flow conditions inside the melt pool can be altered, potentially enhancing melt pool dilution. In this paper the role of the frequency and the flux density of the magnetic field are discussed on the basis of experimental results. It will be shown that the frequency is a main parameter to determine the spatial distribution of elements and hence, uniformity, whereas the flux density is the main parameter determining the overall scale of the magnetic manipulation.
Introduction
Laser beam welding with filler wire is known to provide many advantages in term of process stability, gap bridging ability and the ability to modify the chemical composition in the melt pool [1] . Especially in the case of aluminium alloys, filler material in wire form is often used to overcome metallurgical deficits like the occurrence of hot-cracking by introducing alloying elements like silicon or magnesium to the melt pool [2] . However, the complex melt flow in deep penetration welding (see e.g. [3] ) often inhibits a necessary dilution of these alloying elements, leading to a non-uniform distribution of alloying elements in the remaining seam. A potential tool to increase dilution during liquid phase is the use of electromagnetic forces to alter the melt flow [4] . Aside from steady fields that are known to have a damping like effect on the melt flow resulting predominantly in a process stabilisation [5] , high frequency magnetic fields are often used to provide a surface force [6] that can be used, e.g., to decrease weld sagging [7] in laser induced melt pools or, in the case of very high frequencies or pulses, to deform even solid material (e.g. in electromagnetic forming [8] ). Recent research has also revealed that low-frequency magnetic fields can have a beneficial impact on melt pool dilution during laser beam welding. Volume forces related to a low-frequency magnetic field can particularly be understood as a pulsing force that is periodically damping the melt flow perpendicular to the field lines [9] .
Aim and scope
In this paper, the impact of a coaxially aligned low-frequency magnetic field with different flux densities and frequencies on the melt pool dynamic and silicon distribution during full penetration laser welding is investigated. High-speed images of the welding process and metallographic sections of the welded specimen shall help to examine the modification of melt flow on the weld pool surface and the element distribution at the transversal section of the resulting seam. From the analysis of the timedependent melt flow behavior, the influence of an alternating anisotropic volume force can be verified. The metallographic sections can provide information about the modification of silicon throughout the melt pool depth over some periods of the magnetic field.
Experimental set-up and procedure
To investigate the impact of low-frequency magnetic fields on the element distribution, welding experiment with 3 mm thick Al99.5 % specimen with silicon containing AlSi12 filler wire of diameter 1.2 mm are conducted. To provide the magnetic field a welding head containing an electro magnet is used. This welding head, shown in fig. 1 (a) , consists of a conical shaped soft magnetic iron core surrounded by a coil that is supplied with an AC current source. The source is capable to provide stable low-frequency square current signal, so that the welding head delivers a stable triangularly shaped magnetic field pulse in the region of the laser induced melt pool. The magnetic field lines are aligned nearly coaxially to the laser beam. To increase the flux density in the region of the melt pool, the magnetic susceptibility beneath the specimen is artificially increased with an electromagnetic core that is integrated in the clamping device (see fig. 1 (b) ). With this setup, flux density amplitudes up to 300 mT can be achieved in the laser induced melt pool. The specimens are welded with a welding speed of v 0 = 8 m/min and a wire feeding rate of v d = 6 m/min. A Trumpf TruDisk8002 disc laser is used at a fixed output power of P L = 6.5 kW guaranteeing a full penetration welding process.
The focal position is set 3 mm above the sheet surface. A gas nozzle is positioned opposite to the filler wire nozzle to provide Argon to cover the melt pool from ambient oxygen. A flow rate of 20 l/min is used. The chamber underneath the specimen is completely flooded with Helium to cover the root of the weld. The flux density distribution is slightly inhomogeneous in the direction of welding (see. fig. 1 (c) ). Due to the shape of the welding head the flux density is increasing slightly with increasing distance from the laser beam axis until is reaches a local maximum around 10 mm away from the laser axis, then decreasing with further distance. The flux density amplitude at the focal position is defined as the reference flux density B 0 .
During welding, the upper side of the specimen is recorded with a high-speed camera to analyze the impact of the magnetic volume forces on the melt pool movement. After welding, transversal sections where taken from all specimens. The sections are etched electrolytically and investigated with a microscope. Typically, after this etching process, the sections show well distinguishable regions of darker and brighter areas that are probably related to regions of higher or lower silicon content. To verify these observations, selected specimens are also analyzed with WDX.
Results
The welding parameters described in the previous section are kept constant during the whole series. Aside from this, the reference flux density and frequency combinations listed in Table 1 are used. The analysis of the high-speed videos revealed a periodic movement of the melt pool surface under influence of the magnetic field that manifests itself in the occurrence of front and rear surface amplitudes of particular height (see fig. 2 ). To quantify this effect, the time difference between the occurrence of the front and the rear amplitude was measured and compared with the inverse frequency of the magnetic field. In fig. 3 the result of this measurement is given. It can be seen that the measured time differences are in good agreement with the inverse of the fourfold frequency of each corresponding magnetic field. That means, each amplitude occurs twice during a complete magnetic field cycle. The impact of this flow manipulation on the silicon distribution can be observed after welding taking transversal sections. In fig. 4 the electrolytically etched transversal sections are shown for each pair of flux density and frequency. Aside from the case without magnetic field, the silicon distribution is shown for increasing flux density amplitude at fixed frequency and for increasing frequency at fixed flux density amplitude.
Without magnetic field, the silicon is mainly concentrated in the upper part of the seam and only at some points reaches the bottom of the seam. Under the influence of specific flux density and frequency combinations this distribution is significantly altered. For a low flux density of 140 mT, no significant impact on the silicon distribution can be observed for frequencies up to 30 Hz. Only for 40 Hz and especially 50 Hz the distribution has slightly changed. By trend it can be seen that the possibility to deliver more silicon to the bottom of the melt pool is given for combinations with higher flux densities. Especially with 250 mT the silicon is distributed almost over the complete melt pool depth. For that high flux density, with different frequencies another distinctive impact on the silicon distribution can be observed. For 15 Hz there is an unstructured, chaotic distribution, while in the case of 20 Hz an obviously periodic distribution can be observed. In the case of 25 Hz and 30 Hz (at 240 mT) the brighter and darker areas are harder to distinguish. This qualitative observation is verified with WDX. The dashed lines marked on some of the given sections are indicating the areas that have also been analyzed quantitatively with WDX. The result of these WDX mapping are shown in fig. 5 .
From comparison with the WDX analysis it becomes obvious that there is a good correlation between the occurrence of dark areas in the etched section and the silicon rich areas in the WDX mapping. It can be seen, that in the case of 250 mT at 25 Hz and 30 Hz the silicon distribution is much more homogeneous than either without magnetic fields or with other field parameter combinations. The most homogeneous distribution during this experimental series seems to occur for 25 Hz at 250 mT.
Discussion
Concerning the surface movement it is assumed that the occurrence of the melt pool amplitude shown in fig. 2 is related to a periodic damping and releasing of the horizontal melt flow component which can be directly explained from the results presented in [9] showing the influence of a low-frequency magnetic field on a typical keyhole welding process. In fig. 6 a sketch of the potential melt pool manipulation is given. The Lorentz force F L is caused by the movement of conducting liquid (with a local velocity v) relative to the magnetic field [10] . This interaction results in a force that is directed against its origin. Hence it is always directed against the melt flow, as long as this flow is either perpendicular to the field direction or has a perpendicular component. In the latter case only the perpendicular part is affected. This damping force is periodically increasing and decreasing between a maximum value of F L,max and zero (see fig. 6 ). In the given case, the anisotropy of this force causes the damping effect to act only on the horizontal component of the melt flow, since the field is aligned nearly coaxially to the laser beam.
This explains the observed occurrence of the melt pool amplitudes since the surface near melt flow is typically flowing from the keyhole to the melt pool rear. Moreover, the slight inhomogeneity of the magnetic field results in a higher Lorentz force in the rear part of the melt pool (assuming that the flow velocity near the surface is almost constant along the melt pool surface), hence providing a stronger flow resistance. Therefore it is assumed, that the front amplitude occurs during increasing magnetic field where the stronger damping in the rear part is causing an accumulation of melt in the front region where the damping effect is smaller. Contrary to this the rear amplitude occurs during decreasing field, being a B(t) relaxation effect of the previous accumulation. Since the Lorentz force reaches his maximum twice during a complete magnetic field cycle, both amplitudes would occur twice during a complete field cycle which perfectly explains the good correlation between the time t 4f = (4f) -1 and the measured time difference between those two amplitudes (see fig. 3 ).
The comparison between the electrolytically etched sections and the WDX results revealed that the etched sections can be used to qualitatively characterize the silicon distribution without expensive and time consuming WDX scan for each specimen except for those cases where the darker areas are harder to distinguish.
The slight periodic silicon distribution observed at the transversal section for the case without magnetic fields might result from unsteady flow conditions or natural melt pool oscillations. For a comparatively small flux density of 140 mT, this spatial distribution is hardly affected. The evolving Lorentz forces and their damping effect seem to be too weak to alter the melt flow in a way that the silicon distribution is significantly manipulated, although an impact on the melt pool surface could be observed during the high-speed observations. For higher flux densities, the impact of the damping effect becomes more apparent. For a flux density of 200 mT, the silicon distribution is obviously altered at least for a frequency up to 30 Hz. However, 200 mT seems to be the lower threshold for a possible silicon distribution manipulation in the given case. A flux density of 180 mT already seems to have no visible effect on the silicon distribution. For 250 mT the distribution manipulation is rather significant. The texture of the silicon distribution is completely different for each of the used frequencies. The structure, though, can not be linked to any spatial periodicity connected with the frequency of the field. Moreover, it seems that the spatial appearance of the silicon distribution is connected to an interference between natural oscillations of the melt flow with the periodic manipulation induced by the pulsing volume forces. Hence, a variety of different textures are possible once the flux density is strong enough. Consequently, the frequency does indeed determine the horizontal distribution and hence homogeneity of the silicon but the result is not independent from the welding parameters that are mainly determining the natural weld pool oscillations. It is therefore not feasible to give a generalized rule for an optimal frequency in order to increase the homogeneity of the silicon for any welding situation. However, in the given case, where the welding parameters are kept constant, the most homogeneous silicon distribution is achieved with a reference flux density of 250 mT and a frequency of 25 Hz.
Conclusion
With the presented experimental setup and welding parameters the dilution of silicon introduced from a filler wire can be increased with the help of low-frequency magnetic fields of a flux density higher than 200 mT. While the flux density determines the strength of the magnetic volume forces and hence the scale of the magnetic manipulation the spatial distribution of the silicon at the transversal section of the weld seam is significantly altered for different frequencies. It was possible to increase also the homogeneity of the silicon distribution. For the given welding parameters and field setup, the best result was achieved with a frequency of 25 Hz at 250 mT reference flux density.
